Virus-like particles (VLPs) have been utilized as vaccine platforms to increase the immunogenicity of heterologous antigens. A variety of diverse VLP types can serve as vaccine platforms, and research has focused on engineering VLPs to improve their efficacy as vaccines, enhance their stability, and allow for more versatile display of antigens. Here, we review selected VLP vaccine platforms, highlight efforts to improve these platforms through structure-informed rational design, and point to areas of future research that will assist in these efforts.
Introduction
Many viral structural proteins have an intrinsic ability to self-assemble into virus-like particles (VLPs). VLPs structurally resemble the virus from which they were derived and, because of their antigenic similarity to authentic virions and because they possess physical characteristics that are highly immunostimulatory, can serve as effective stand-alone vaccines or vaccine platforms. Most VLPs are between 20-100nm in diameter, a size that allows for free entry into the lymphatic vessels and passive drainage to the subcapsular region of lymph nodes and optimal uptake by professional antigen presenting cells [1] . In some cases, trafficking of VLPs to B cell follicles is facilitated through specific interactions between VLPs and complement components or natural IgM antibodies [2] . VLPs also possess a geometry that contributes to their remarkable ability to activate B cells. Epitopes presented on the multivalent, highly repetitive, and often rigid structures of VLPs can extensively crosslink B cell receptors, leading to strong stimulation of B cells and the induction of robust and long-lasting antibody responses [3] [4] [5] . These signals can even override B cell tolerance mechanisms, allowing the induction of potent antibody responses against self-antigens [6] [7] [8] . Thus, these two features, size and geometry, are critical for the ability of VLPs to potently activate B cells and elicit strong and long-lasting antibody responses, and are essential to their utility as vaccines.
Over the past several decades it has been increasingly recognized that these structural features of VLPs can be exploited by using VLPs as vaccine platforms. This technique can be used to dramatically increase the immunogenicity of heterologous antigens. Although these inherent physical characteristics are the fundamental basis for the potent immunogenicity of VLP-based immunogens, there are other features desirable in VLPs that have improved their utility as vaccine platforms. Here, we review efforts to engineer VLPs into more stable, versatile, and universal platforms for vaccines. Engineering has led to enhancements in particle stability, the diversity of antigens that can be displayed on VLP surfaces, and the ability to fine-tune immune responses.
Engineering VLPs to display diverse antigens
To maximize the immunogenic potential of particle platform technologies, target antigens must be displayed at high density on the surface of VLPs. A number of different approaches have been used to engineer VLPs so that they can serve as molecular scaffolds for antigen display. Versatility of the VLP platform is a critical feature. In order to maximize utility, VLPs should be able to display foreign antigens of various compositions, sizes, and structures. One approach is to generate recombinant fusions in which foreign antigens are inserted into sites within the viral structural protein so that the foreign antigen is displayed on the resulting VLP's surface. However, peptide insertions often affect the ability of recombinant proteins to assemble into VLPs. To avoid such problems, pre-formed VLPs can be used as scaffolds to which foreign antigens are attached using various conjugation techniques. Post-production modifications of VLPs can take advantage of naturally occurring sites of conjugation (e.g. amino-groups on surface-exposed lysines) or the VLP can be engineered to have added functionalities.
A variety of VLPs have been engineered to display foreign antigens as fusions with the viral structural protein (selected platforms mentioned in this text are listed in Table 1 ). One of the best examples is Hepatitis B virus (HBV) core antigen (HBcAg), which forms a 36nm particle consisting of 240 copies of HBcAg, assembled as 120 homodimers. A number of sites for displaying heterologous peptides have been identified on core antigen of HBV and its Hepadnaviridae relatives (e.g. Woodchuck Hepatitis Virus; WHV) [9] . As with many VLPs, the identification of foreign antigen insertion sites in HBcAg VLPs has been a combination of rational design based on structural characteristics (i.e surface exposed loops or disordered regions) and trial-and-error. For instance, using a systematic approach consisting of multiple insertion sites, an array of compensatory mutations, and robust screening methods, Billaud and coworkers vastly enhanced the success rate for producing chimeric WHcAg VLPs [10]. Although general "rules" could be derived from this type of assessment (e.g. that highly basic amino acids in an insert epitope needed to be balanced by the addition of acidic amino acids at flanking sites), these data highlight the empirical nature of much of the VLP vaccine platform engineering efforts.
In some cases, engineering more thermodynamically stable versions of the subunits that comprise VLPs can dramatically increase the peptide insertion success rate. In the case of bacteriophage MS2 VLPs, foreign peptides displayed in a surface-exposed loop (the ABloop) on the wild-type viral coat protein are rarely compatible with protein folding and VLP assembly ( Fig. 1) [11] . However, the physical proximity of N-and C-termini of subunits of the coat protein dimer facilitated their genetic fusion into a so-called single-chain dimer [12] . The resulting protein produces VLPs that are indistinguishable from wild-type [13] , and much more tolerant of heterologous peptide insertions [12, 14] . The vast majority of small peptides (10 amino acids or less) are accepted, but the success of any particular sequence is hard to predict in advance, although hydrophobic peptides tend to cause protein folding defects [14] .
Another approach avoids disruption of platform folding and assembly by conjugating antigens to pre-formed VLPs using chemical crosslinkers with various functional groups, click chemistry, sortase-mediated attachment, polyhistidine/NTA-Ni 2+ , and affinity-tag interactions. Knowledge of VLP structure facilitates identification of sites for conjugation. For instance, the amino groups of surface exposed lysines on bacteriophage Qβ VLPs are convenient sites for conjugation to the thiols of cysteine-containing foreign antigens using bifunctional crosslinkers. The process is compatible with GMP manufacture, and in fact several Qβ VLP-based vaccines have been tested in clinical trials [15] [16] [17] . However, VLPs can also be engineered to contain these convenient sites, such as the engineering a surfaceexposed cysteine or lysine into the VLP, providing accessible reactive groups [18] [19] [20] (Fig.  1 ). Sortase-mediated conjugation allows for site-directed ligation of cargoes (including peptides and small molecules) bearing a specific amino acid tag (LPETG) to VLPs that have been modified to include a target sequence (a stretch of glycine residues) [21] . Similarly, VLPs have been engineered to display poly-histidine stretches (for non-covalent conjugation to antigens with NTA-Ni 2+ moiety) [22] , methionine analogues for use with click chemistry [23], or other proteins or tags that allow for non-covalent [24, 25] or covalent [26] interactions. These techniques allow VLPs to display diverse antigens, including peptides, full-length proteins, carbohydrates, and other small molecules. Each of these display approaches has the benefit of having little effect on VLP stability, but has the downside of having potential increased cost of production or decreased scalability upon downstream manufacturing of the vaccines.
Tailoring immune responses by modifying VLPs
Although VLP-based vaccines generally elicit strong immune responses, the relative ability of different VLP types to induce humoral and cell-mediated immunity is likely influenced by a number of factors that may be VLP-type specific. Interactions with specific receptors on or within immune cells [1, 27] , interactions with molecules that influence trafficking [2], the intrinsic half-life of particles, and compatibility with adjuvants can all have effects on the magnitude and longevity of immune responses, and the specific arms of the immune response that are activated.
For example, VLPs have been modified by altering their nucleic acid content so that they elicit specific antibody isotypes. VLPs are essentially empty spheres, yet many VLPs naturally encapsidate nucleic acid derived from the cell type the VLPs were produced in. For example, when produced recombinantly in E. coli, RNA bacteriophage VLPs naturally encapsidate bacterially-derived ssRNA, a toll-like receptor (TLR) ligand [28] . Mice immunized with RNA-containing bacteriophage VLPs predominantly elicit IgG2a antibodies, indicative of a pro-inflammatory T helper (T H ) 1 response, whereas immunization with VLPs in which the ssRNA has been removed predominantly elicit IgG1 antibodies, indicative of a T H 2 response [29, 30] . VLPs can be deliberately loaded with or 
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Author Manuscript linked to adjuvants to enhance their immunogenicity. For example, loading bacteriophage VLPs with CpG oligonucleotides can enhance both cellular and humoral responses to VLPs [31] . Thus, VLPs can be customized as needed, depending on whether inflammatory responses are desired or if there are antibody isotypes with specific activities (neutralization, opsonization, or complement activation) that may be required.
VLPs have also been modified to enhance cell-mediated immune responses. The threedimensional structure of an antigen can potentially modulate the presentation of CD4 T cell epitopes by changing access of particles to proteolytic enzymes and the MHC class II presentation machinery [32] . While most VLPs are rich in potential T H epitopes, rabbit hemorrhagic disease virus (RHDV) VLPs have been modified to contain the PADRE peptide, a universal T H epitope [33] . An RHDV VLP containing PADRE and targeting a Human Papillomavirus-16 E6 peptide elicited enhanced anti-tumor T-cell responses in an HPV-tumor mouse model [33] . The use of universal T H epitopes may be advantageous for antigen presentation by diverse HLA molecules.
Engineering more stable VLPs
Although VLPs are generally highly stable, VLP types that can withstand variations in temperature and other conditions will likely be advantageous both during manufacturing and distribution. Engineering VLPs to withstand storage or transport at diverse temperatures can facilitate the logistics of vaccine deployment, particularly in areas of the developing world where it is difficult to maintain a cold-chain. Additionally, improving the stability of VLPs reduces the cost of vaccines by allowing a longer shelf-life and also reduces energy costs associated with cold-storage. In some cases VLPs have been modified in order to enhance structural stability. These modifications have been used to facilitate the engineering of recombinant VLPs (as described above) but also have been undertaken with these other downstream applications in mind. One common technique to improve particle thermostability is the introduction of intersubunit disulfide bonds. For instance, mutations that introduce cysteines at the 5-fold symmetry axes increase the stability of MS2 VLPs [34, 35] . Similarly, Hepatitis B core antigen VLPs with enhanced stability were produced by identifying amino acid pairs of interacting dimers with the shortest distances between side chains and substituting cysteines that could form disulfide bonds, creating a disulfide-bond network stabilizing the particle [36] . Post-production methods, such as lyophilization or spray-drying of VLPs, can also enhance thermostability and allow for long-term storage [37, 38] .
Future directions for structural engineering of VLP vaccine platforms
As we've described, numerous efforts have been undertaken to improve on the stability, versatility, and universality of VLP vaccine platforms. Moving forward, two major areas of research will drive this field forward toward more efficient and adaptable vaccines: (1) identifying new molecular scaffolds to increase the diversity of antigens that can be displayed on VLPs and (2) adapting VLP platforms to vaccine discovery efforts. 
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Exploring new molecular structures as scaffolds for the display of diverse antigens on the surface of VLP platforms will increase the versatility of VLP platforms. Generally, VLPdisplay has been limited to short peptide antigens, although there are some exceptions in which larger molecules have been targeted [39] [40] [41] . Nevertheless, as the repertoire of solved molecular structures is expanded and our understanding of how these structures form improves, rational design of VLPs that include these molecular structures will expand. This is highlighted by recent efforts to add coiled-coil domains to P22 bacteriophage VLPs to aid in folding and display of large foreign antigens [20] . Rationally designing hybrid protein structures based on the building blocks found in nature will drive the field toward more stable and versatile VLP vaccine platforms and recent efforts to use computational modeling to predict whether peptides are compatible with VLP assembly may also improve success rates [42] [43] [44] [45] [46] . Synthetic multi-subunit structures that are modeled and engineered to be built from simple protein subunits are already being made [47, 48] , and as computational approaches for protein design improve, this holds promise for eventually generating new synthetic VLP platforms that are only tangentially based on viruses found in nature.
Adapting VLP vaccine platforms for vaccine discovery efforts is another major area of research. Bacteriophage MS2 and PP7 VLPs have been adapted to allow affinity selection against monoclonal antibodies of interest as well a patient serum and have yielded vaccine candidates [14, 45, [49] [50] [51] [52] [53] [54] . RNA bacteriophage VLPs are particularly well-suited to be used in vaccine discovery efforts due to their simple structures made from a single coat protein, ability to encapsidate their own coding RNA (i.e. a linkage of genotype-phenotype), and the ability to accept a diversity of foreign peptides. Other VLP vaccine platforms similarly could be adapted into vaccine discovery platforms, and because each VLP platform has its own unique capabilities (i.e. immunogenicity, size of antigens that can be displayed), it would be beneficial to have more options. For instance, the MS2 and PP7 VLP vaccine discovery platforms are limited to relatively short peptide inserts (<10 aa is ideal). Recent efforts have attempted to couple the affinity selection features of MS2 VLP platform with computational structural modeling approaches to further enhance its vaccine discovery capabilities [45] . We used the predictive structural modeling tool Phyre2 [55] to generate models of VLPs displaying foreign peptides and then tried to identify conformational mimics of an antigen of interest [45] . As described by Joshi et al., first "building" a VLP computationally is another way to improve vaccine discovery efforts, and can provide a much needed rational approach that can increase the number of VLP vaccine candidate successes, save money and time, and ultimately provide the tools needed to make VLPs much more versatile and adaptable going forward [44] . We are currently limited by our lack of knowledge of the biophysical properties that drive protein folding, but the field is set to expand rapidly as computational power increases and predictive modeling tools improve. New areas of VLP engineering will emerge that will fuel in silico VLP vaccine discovery efforts and limit the trial-and-error nature of VLP vaccine design.
One VLP platform will never meet all vaccination needs. The simple fact of preexisting immunity to many of the viruses will preclude their universal application. Additionally, some VLP platforms may have specific features, such as the ability to display large foreign antigens or the ability to display multiple epitopes, that will make them uniquely suited to a particular vaccine need. As our knowledge of protein folding dynamics and immunology increases, the versatility of VLPs as vaccine platforms will advance. Engineering VLP platforms for improved utility. The bacteriophage MS2 coat protein dimer is shown here as an example of engineering to improve the utility of a VLP platform. (A) The MS2 coat protein dimer is normally assembled from two identical monomers that come together such that their N-and C-termini are juxtaposed (red and blue). However, peptide insertions displayed in the surface exposed AB loop (cyan) are not tolerated, and VLPs generally do not form. (B) Engineering the coat protein monomers into a single-chain dimer (covalent fusion of two monomers) allows proper folding and VLP formation by stabilizing the dimer. (C) Foreign peptides can then be inserted into the AB loop of the down-stream coat protein copy, allowing display on the surface of the VLP (90 copies total). (D) Naturally occurring, surface-exposed amino acids with reactive groups can be utilized for conjugation of foreign antigen (here, surface exposed lysines on MS2 coat protein are shown). (E) Alternatively, the VLP can be engineered to contain amino acids with reactive groups (cysteines or lysines), sortase target sequences, etc. to allow convenient sites for conjugation of antigen post-VLP formation. Curr Opin Virol. Author manuscript; available in PMC 2017 June 01.
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